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SECTION  1 


INTRODUCTION 

This  report  presents  interim  results  for  the  first  year  of  a 
three  year  program  on  coherent  laser  scaling  using  optical  phase 
conjugation.  The  purpose  of  this  program  is  to  demonstrate  that 
multiple  laser  oscillators  can  be  coherently  and  efficiently 
coupled  through  nonlinear  optical  phase  conjugation  processes. 
The  work  includes  invention  of  effective  coupling  geometries, 
investigation  of  alternative  conjugators,  and  evaluation  of  all 
system  parameters  that  affect  laser  coupling.  These  parameters 
include  conjugator  properties  such  as  linewidth,  reflection 
coefficient,  fidelity,  angular  field  of  view,  and  intensity 
dependence.  In  addition,  gain  medium  properties  —  such  as  the 
small-signal  gain  coefficient,  the  saturation  intensity,  the 
linewidth,  and  the  spatial  extent  —  affect  the  coupling  process. 
Finally,  we  are  investigating  the  use  of  auxiliary  elements  to 
assist  the  coupling  process.  These  elements  include  apertures, 
lenses,  line-narrowing  prisms,  etalons  and  gratings,  and 
attenuators . 

Initial  studies  during  the  first  phase  of  this  program  have 
been  directed  towards  understanding  the  coupling  of  pulsed  dye 
oscillators  with  self-pumped  conjugators  in  photoref ractive 
BaTi03 .  We  chose  to  investigate  this  system  for  a  number  of 
reasons.  First,  the  combination  of  oscillators  with  self-pumped 
conjugation  in  BaTiOj  could  potentially  lead  to  a  very  simple 
system — possibly  as  simple  as  one  crystal,  n  dye  cells  and  n 
outcoupling  mirrors.  Second,  the  use  of  pulsed,  high-peak-power, 
broadband  oscillators  provides  a  test  system  from  which  results 
may  be  extrapolated  for  a  number  of  important  applications.  The 
dye  cells  are  expected  to  provide  a  good  prototype  for  coupling 
high-power  excimer  gain  media  or  Nd : YAG  rods.  Third,  dye  cells 
are  compact  and  inexpensive  so  multiple  modules  can  be  added 
without  major  perturbations  to  the  program  schedule  or  budget. 


Fourth ,  self-pumped  conjugators  in  BaTi03  are  easy  to  make,  and 
can  be  made  in  at  least  six  independent  geometries.  Thus,  they 
can  be  used  to  simulate  a  wide  range  of  conjugation  processes, 
including  those  that  may  be  more  difficult  to  work  with,  or  those 
that  may  be  more  readily  scalable  to  high  powers.  Finally,  to 
our  knowledge,  coupling  of  an  all-oscillator  system  has  not  been 
demonstrated;  yet  it  provides  an  excellent  system  to  which 
modules  can  be  added,  because  all  modules  are  equivalent.  This 
flexibility  contrasts,  for  example,  with  the  master/slave 
coupling  experiments  or  the  master-oscillator,  power  amplifier 
experiments  performed  previously. 

We  have  obtained  a  number  of  interesting  coupling  results  in 
the  first  year  of  this  program.  We  have  demonstrated  phase-  and 
frequency-locking  of  two  dye  oscillators  in  several  configu¬ 
rations.  We  have  demonstrated  coupling  of  three  oscillators.  We 
have  also  investigated  a  number  of  pseudo-coupling  systems  in 
which  two  or  three  oscillators  were  only  partially  coupled. 

Section  2  contains  a  review  of  the  self-pumped  conjugators 
discovered  to  date.  Previous  combining  results  are  reviewed  in 
Section  3.  Following  description  of  our  interim  results  in 
Section  4,  Section  5  gives  a  brief  summary  of  future  work  planned 
in  this  program. 


SECTION  2 


SELF-PUMPED  CONJUGATORS 

Real-time  phase  conjugation  dates  from  the  investigations  of 
stimulated  Brillouin  scattering  (SBS)  by  Zel’dovich  et  al . 1  in 
1972,  and  it  is  now  possible  to  produce  phase  conjugate  beams  at 
wavelengths  from  the  near  ultraviolet  to  the  far  infrared  (see 
the  review  by  Pepper2) .  Although  a  wide  range  of  processes  have 
been  used  to  produce  conjugate  beams,  limiting  consideration  to 
self-pumped  conjugators  with  no  external  pump  beams  narrows  the 
list  to  SBS  and  self-pumped  photoref ractive  materials.  In  the 
original  proposal  for  this  program,3  we  decided  to  limit 
consideration  to  beam-combining  with  self-pumped  conjugators  for 
two  reasons  —  simplicity  and  efficiency.  The  major  alternative, 
four-wave  mixing,  has  added  complexity  because  it  requires  two 
additional  pump  beams  of  good  beam  quality,  and  is  probably  less 
efficient  because  of  the  power  needed  for  the  pumps. 

Stimulated  Brillouin  scattering  conjugators  have  many 
attractive  features.  They  are  relatively  compact,  requiring  gas 
or  liquid  cells  less  than  a  meter  long.  They  are  efficient, 
producing  reflectivities  up  to  90%,  and  they  can  produce 
excellent  conjugation  fidelity  under  many  conditions.4 
Complicated  optics  are  not  required,  and  SBS  conjugators’  fields 
of  view  are  relatively  large.  SBS  is,  however,  a  threshold 
process,  and  obtaining  good  reflectivities  and  conjugation 
fidelities  requires  operation  at  power  levels  substantially  above 
threshold.  For  10-ns  pulses,  as  in  our  system,  the  typical 
threshold  energy  is  about  1  mJ  for  a  single  pulse  of  an 
unaberrated  beam,  so  efficient  conjugation  of  a  beam  with  some 
spatial  structure  would  require  perhaps  10  m J .  This  energy  level 
is  more  than  can  be  comfortably  obtained  with  our  pump  laser  and 
multiple  dye  cells,  so  our  initial  studies  have  concentrated  on 
the  self-pumped  photore f ractive  conjugators.  The  self-pumping 
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process  in  photoref ractive  materials  also  has  an  energy 
threshold,  but  these  materials  have  storage  capability  so 
multiple  pulses  can  be  used  to  surpass  the  threshold,  whereas  in 
SBS  threshold  must  be  reached  within  one  pulse. 

At  least  six  independent  self-pumped  conjugators  have  been 
demonstrated  in  photoref ractive  materials.  Since  they  all  may 
prove  useful  for  beam  combining,  and  since  one  of  them  may  prove 
to  be  optimal,  we  will  discuss  them  in  detail.  Figure  2-1  shows 
the  first  self-pumped  photoref ractive  conjugator,  discovered  by 
White  et  al . 5  In  this  conjugator,  beam  fanning  starts 
oscillation  between  two  mirrors  that  form  a  Fabry-Perot-like 
cavity.  The  counterpropagating  beams  in  this  cavity  become  phase 
conjugates  of  each  other  as  the  beam  fanning  coalesces  into  a 
single  channel,  and  finally  a  phase  conjugate  beam  is  returned 
through  four-wave  mixing. 

The  second  self-pumped  conjugator,  shown  schematically  in 
Figure  2-2,  was  discovered  by  Feinberg.6  In  this  device,  beam 
fanning  diffracts  incident  radiation  into  the  corner  of  a  crystal 
where  it  is  retro-ref lected  into  the  fanning  interaction  region. 
For  reasons  that  are  not  completely  understood,  this  fanning  also 
coalesces  into  two  or  more  thin  channels  of  light  and  leads  to 
the  reflection  of  a  high-quality  phase  conjugate  beam.  Because 
this  conjugator  lacks  external  mirrors,  it  is  less  sensitive  to 
vibrations  and  seems  to  produce  better  fidelity  than  the  one 
shown  in  Figure  2-1.  On  the  other  hand,  the  threshold  gain- 
length  product  required  for  this  conjugator  is  somewhat  larger 
than  that  for  the  Fabry-Perot  conjugator. 

The  third  conjugator  has  external  mirrors  arranged  in  a  ring 
cavity  around  the  crystal  of  BaTi03 , 7  as  shown  in  Figure  2-3. 

This  device  generates  only  one  of  its  pump  beams  by  stimulated 
photoref ractive  scattering,  is  self-starting,  and  has  a  lower 
threshold  than  the  second  conjugator.  This  conjugator  is  also 
insensitive  to  external  mirror  vibrations. 
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Figure  2-3.  The  ring  self-pumped 
conjugator  geometry.7 
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In  1985  Gunter  introduced  a  new  variation  on  the  internal 
self-pumped  conjugator  by  painting  the  surface  of  his  crystal 
with  "white  office  correcting  paint,  Tipp-Ex."8  As  shown  in 
Figure  2-4,  this  geometry  does  not  require  fanning  into  the 
corner  of  the  crystal.  The  large  volume  of  reflected  light  may 
be  especially  useful  for  combining  lasers. 

Also  in  1985,  Chang  and  Hellwarth9  found  that  stimulated 
photoref ractive  backscatter ing  could  be  used  to  produce  a  phase 
conjugate  wave  in  a  manner  analogous  to  stimulated  Brillouin 
scattering.  Their  interaction  geometry  is  shown  in  Figure  2-5. 
Gain-length  requirements  are  significantly  higher  than  for  the 
others,  but  this  conjugator  may  be  useful  for  beam  coupling  if  it 
allows  a  larger  field  of  view. 

Recently,  the  self-pumped  double-phase  conjugate  mirror  has 
been  demonstrated  by  Sternklar  et  al . 1 ®  As  shown  in  Figure  2-6, 
this  self-pumped  conjugator  provides  two  phase  conjugate  outputs 
for  two  incoherent  input  beams.  The  conjugate  beams  in  this 
device  are  spatial  conjugates,  but,  unlike  the  other  conjugators, 
are  temporally  incoherent  with  the  input  beams.  Initial  studies 
of  laser  interaction  using  this  conjugator  have  been  reported  by 
Sternklar  et  al . 1 0 

In  our  initial  studies  of  beam  combining  with  self-pumped 
BaTi03  conjugators,  we  decided  to  use  the  internally  self-pumped 
conjugator  discovered  by  Feinberg  and  shown  in  Figure  2-2.  We 
made  this  choice  because  the  conjugator  is  simple  to  construct, 
we  had  already  used  it  with  pulsed  dye  lasers  to  make  a  phase 
conjugate  resonator  (PCR) , 1 1  and  it  was  known  to  have  a  wide 
field  of  view.12  Figure  2-7  shows  measurements  of  the 
reflectivity  as  a  function  of  external  angle  to  the  crystal 
obtained  from  Ref.  12.  Note  that  in  the  region  from  32°  to  89° 
the  reflectivity  exceeds  1,  which  gives  rise  to  self-oscillation. 
In  order  to  obtain  maximum  likelihood  of  lasing,  we  have  aligned 
our  resonators  to  intersect  the  initial  self-pumping  beam  in  this 
angular  region. 
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Figure  2  6.  The  double-phase  conjugator  mirror 
that  conjugates  two  incoherent 
i nput  beams . 1 0 


SECTION  3 


BEAM  COMBINING  THBOUGH  NONLINEAR  PHASE  CONJUGATION 

Results  on  combining  multiple  lasers  or  beams  through  a 
common  nonlinear  phase  conjugate  mirror  have  recently  been 
published  by  many  groups.13-19  This  work  has  used  both 
stimulated  Brillouin  scattering  con j ugators 1 3 • 1 4 ' 1 9  and  the 
photoref ractive  conj ugators  discussed  in  Section  2. 16-18  In  the 
early  work  of  Basov,13  shown  in  Figure  3-1,  a  combination  of  SBS 
and  hypersonic  four-wave  mixing  was  used  in  a  master-oscillator 
power-amplifier  (MOPA)  configuration  to  couple  nine  independent 
regions  of  a  1 . 06-/itn-wave length  gain  medium.  While  details  of 
the  experiment  and  the  results  are  vague  in  Ref.  13,  it  is  clear 
that  introduction  of  a  common  phase  conjugate  mirror  for  all  nine 
beams  produced  substantial  improvement  in  beam  quality.  No 
explicit  results  on  phase-  or  frequency-locking  are  presented. 

The  complexity  of  this  system  is  clear  from  Figure  3-1.  The 
system  requires  a  master  oscillator  and  an  auxiliary  beam  for  the 
SBS  processes.  Coherence  requirements  for  these  beams  are 
unstated,  while  relative  power  levels  are  vaguely  discussed.  For 
scaling  to  high  powers,  neither  the  master  oscillator  nor  the 
auxiliary  beam  is  desirable. 

More  recently,  Rockwell  and  Giuliano14  have  demonstrated 
locking  of  two  Nd:YAG  gain  media  with  the  double-pass  MOPA  system 
shown  in  Figure  3-2.  In  this  work  a  conventional  SBS  phase 
conjugate  mirror  with  a  common  interaction  region  was  used,  and 
far-field  patterns  of  the  two  beams  were  presented  to  demonstrate 
phase  locking.  In  related  work,  workers  at  TRW  showed  that  two 
beams  are  locked  when  combined  in  a  common  interaction  region  in 
an  SBS  conjugator,  but  that  the  locking  disappears  when  the 
overlap  of  the  beams  is  reduced.19  We  have  observed  the 
analogous  process  in  some  of  our  attempts  to  lock  oscillators  in 
photoref ractive  BaTi03 . 


17 


0  >-*><n 


NINE 
CHANNEL 


The  first  results  of  using  self -pumped  conjugation  in  BaTi03 
to  lock  lasers  were  publish'  ’  by  Feinberg  and  Bacher . 1 5  As  shown 
in  Figure  3-3,  they  used  the  internally  self-pumped  conjugator 
geometry  of  Figure  2-2  to  lock  two  argon-ion  lasers.  The  first 
laser  made  the  self-pumped  conjugator  and  functioned  as  a  master 
laser;  its  end  mirrors  were  never  removed.  The  second  laser  was 
an  argon-ion  laser  with  one  of  its  end  mirrors  removed.  Results 
showed  that  energy  from  the  master  laser  cavity  was  coupled 
through  the  four-wave  mixing  process  in  BaTi03  into  the  slave 
cavity.  No  frequency  spectra  or  interference  patterns  of  the  two 
beams  were  presented  to  prove  locking,  although  the  results  are 
not  inconsistent  with  the  behavior  of  frequency  locked  lasers. 
Results  on  self-scanning  in  BaTi03  con j ugators2 4  and  the  double¬ 
phase  conjugate  mirror,10  in  which  incoherent  beams  appear  to 
write  a  grating  with  each  other,  indicate  that  the  lasers  might 
be  coupled  in  some  way  without  frequency-  or  phase-  locking.  The 
slave  cavity  might  start  from  the  master  but  jump  away  in 
frequency  as  the  slave  power  is  turned  up.  Without  spectra  or 
interference  patterns  this  possibility  is  difficult  to  rule  out. 
No  results  or  configurations  without  the  master  laser  were 
presented  in  Ref.  15.  For  scaling  to  high  powers  or  large 
numbers  of  modules,  master-laser  configurations  may  be  a 
disadvantage,  since  the  master  laser  power  may  provide  a 
fundamental  limitation  on  performance.  Understanding  or  removing 
this  limitation  has  been  one  of  the  goals  of  this  program,  as 
discussed  in  Section  4. 

Phase  locking  of  two  independent  self-pumped  BaTi03 
conjugators  has  been  demonstrated  by  Ewbank  et  al . 1 8  Their 
results  show  that  a  locking  beam  can  grow  from  noise  to  connect 
the  relative  phase  of  two  self -pumped  conjugators.  This 
technique  may  be  useful  for  laser  scaling,  as  it  allows  multiple 
conjugators  to  be  linked. 

BaTi03  is  also  sensitive  in  the  inf rared , 2 2 > 2 3  which 
suggested  its  use  to  couple  diode  lasers. 19,20  In  Ref.  16,  the 
ring  self-pumped  geometry  of  Figure  2-3  was  used  to  couple  master 
and  slave  GaAlAs  diode  lasers  as  shown  in  Figure  3-4.  While  both 
lasers  had  high  reflection  coatings  on  the  rear  facet  and 
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Figure  3-3.  Combining  a  master  argon-ion  laser 
and  a  slave  laser  through  internail 
self-pumped  conjugation  in  BaTi03 . 1 
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Figure  3-4. 


Combining  two  diode  lasers  throu 
the  ring  self-pumped  conjugator. 


antireflection  coatings  on  the  front  facet,  they  were  capable  of 
lasing  without  the  phase  conjugator.  Thus,  as  with  the  work  of 
Feinberg  and  Bacher,  this  work  uses  a  master/slave  configuration. 
Frequency  spectra  presented  in  Ref.  16  showed  that  the  two  diodes 
start  with  multiple  longitudinal  mode  operation,  and  that  then 
their  frequency  spectra  collapse  to  a  single  overlapping 
longitudinal  mode.  When  the  feedback  between  the  lasers  is 
removed,  the  frequency  of  one  laser  moves  away  from  that  of  the 
two  together:  this  appears  to  be  unequivocal  evidence  of 
frequency  locking. 

Recently,  Hughes  Research  Laboratories  (HRL)  has  demonstrated 
coupling  of  a  single  multistrip  gain  medium  through  a  MOPA 
configuration  using  a  self-pumped  BaTi03  conjugator  as  shown  in 
Figure  3-5. 20  Our  results  show  coupling  of  the  entire  gain 
medium  through  the  use  of  a  conjugator.  In  other  work  in 
progress  at  HRL,  we  are  performing  beam  locking  in  a  four-wave 
mixing  geometry  in  sodium,  as  shown  in  Figure  3-6. 21  This  work 
does  not  rely  on  a  shifted  grating  conjugator  or  on  a  self-pumped 
conjugator;  it  is  intended  to  couple  oscillators  and  to  be 
scalable  to  high  powers. 
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Figure  3-5.  Coupling  a  multistrip  diode  amplifier  through 
a  MOPA  configuration  and  a  ring  self-pumped 
conj  ugator . 20 
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mixing  in  a  sodium  cell . 21 
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SECTION  4 


BEAM  COMBINING  RESULTS 

A.  COMBINING  TWO  PULSED  DYE  MODULES 

Our  beam  combining  studies  began  with  two  Nd : YAG-pumped  dye 
cells  in  the  geometry  shown  in  Figure  4-1.  The  doubled  Nd:YAG 
pump  is  a  commercial  (Quantel)  laser  operating  at  a  wavelength  of 
0.532  /*m  with  a  repetition  rate  from  1  to  10  Hz,  a  pulse  length 
of  approximately  10  ns,  and  an  energy-per-pulse  up  to  several 
hundred  milli joule.  This  device  was  typically  operated  far  below 
its  maximum  output,  as  less  than  a  millijoule  is  typically  needed 
to  pump  a  single  dye  cell.  In  the  first  experiments,  the  beam 
expander  and  grating  in  cavity  1  were  replaced  by  a  second  prism 
assembly.  Unlike  past  experiments  with  a  1-kHz  string  of  100-ns 
pulses,  self-pumped  conjugation  proved  to  be  difficult  to  obtain 
for  10-Hz ,  10-ns  pump  pulses  using  the  dye  cavity  narrowed  with 
the  three-prism  tuner.  When  one  of  the  prism  assemblies  was 
replaced  by  the  beam-expander,  grating  combination,  self-pumped 
conjugation  was  easily  achieved.  One  result  was  obtained  with 
the  system  with  two  prism  assemblies,  however.  In  this  result 
both  cavities  were  observed  to  lase  as  PCRs ,  using  the  BaTi03  as 
one  end  mirror  and  the  prisms  and  conventional  mirrors  as  the 
other  end  mirror.  Close  inspection  of  the  beam  patterns  in  the 
crystal  suggested  that  two  separate  self-pumping  processes  were 
occurring  simultaneously.  Furthermore,  blocking  laser  1  had  no 
effect  on  laser  2’s  output,  and  vice  versa.  We  concluded  that 
the  cavities  were  not  locked  in  this  experiment. 

In  the  geometry  shown  in  Figure  4-1,  the  BaTi03  is  immersed 
in  oil  of  refractive  index  1.5.  This  immerson  has  two  beneficial 
effects.  First,  it  allows  beams  to  enter  the  BaTi03  in  such  a 
way  as  to  access  larger  angles  to  the  crystal  c  axis  inside  the 
crystal.  This  typically  gives  higher  coupling  coefficients  (see 
Ref.  24,  reprinted  in  Appendix  A) .  Second,  the  oil  allows  a 
larger  angular  extent  in  which  to  bring  the  second  beam.  The 
wide  field  of  view  experiments  performed  by  Feinberg  were 
performed  with  the  crystal  immersed  in  oil  for  this  reason.13 
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The  spectrometer  shown  in  Figure  4-1  is  a  commercial  unit 
(Candela  LS-1)  with  a  resolution  of  0.01  nm  that  can  be  improved 
to  0.001  nm  with  the  addition  of  an  optional  etalon .  In  addition 
to  spectral  width  measurements,  the  spectrometer  can  provide 
absolute  wavelength  information,  although  this  feature  was  rarely 
used.  The  dye  cells  are  filled  with  a  mixture  of  rhodamine  6G 
and  methanol,  with  the  concentration  set  to  absorb  approximately 
90%  of  the  pump  light.  The  cells  are  glass  cuvettes  obtained 
from  NSG  Precision  Cells,  and  are  glued  to  magnetic  stirrers  from 
Tri-R  Instruments.  Outcouplers  1  and  2  are  partially  reflecting 
mirrors  on  swivel  mounts.  The  beam  expander  is  a  commercial  unit 
(Spectra-Physics)  and  the  grating  (SA  Instruments)  operated  in 
the  Littrow  configuration  has  1800  lines  per  mm.  The  0.532-/im 
beams  propagate  into  the  dye  cells  at  a  slight  angle  to  the  axis 
of  the  dye  laser  cavity.  Typically,  the  diameter  of  the  green 
pump  beams  is  1  to  2  mm  at  the  cells. 

Coupling  of  the  two  cavities  was  reliably  obtained  by  the 
following  procedures.  First,  lasing  was  obtained  between  0C1  and 
the  grating  with  the  BaTi03  blocked  and  the  green  pump  to  dye 
cell  2  blocked.  Then  the  crystal  was  unblocked,  and  within 
approximately  one  minute  self-pumped  conjugation,  as  shown  in 
Figure  2-2,  was  obtained.  (At  this  point  0C1  can  be  removed, 
resulting  in  a  PCR  analogous  to  that  discussed  in  Ref.  11.)  Then 
the  upper  turning  mirror  from  cavity  2  was  blocked  and  cavity  2 
was  allowed  to  lase  by  unblocking  the  pump  to  dye  cell  2.  Cavity 
2  was  tuned  so  that  its  broadband  output  spectrally  overlapped 
the  narrowband  output  of  cavity  1.  At  this  point  the  upper 
mirror  was  unblocked  and  radiation  from  cavity  2  propagated 
towards  the  crystal.  After  approximately  30  to  60  seconds  0C2 
could  be  removed  and  cavity  2  slowly  grew  in  power  with  a  narrow 
linewidth.  Figure  4-2(a)  shows  the  spectrum  of  cavity  2  lasing 
off  outcoupler  2  with  no  radiation  from  the  laser  falling  on  the 
crystal  (broad  spectrum),  and  later  lasing  with  0C2  removed  and 
the  crystal  coupling  cavities  1  and  2  (narrow  spectrum) .  Note 
that  the  narrowband  master  oscillator  did  not  have  to  be  tuned  to 
the  center  of  the  broadband  laser  for  the  system  to  work.  The 
narrow  line  is  nearly  identical  to  the  spectrum  of  cavity  1 
alone,  shown  in  Figure  4-2(b). 
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Figure  4-3(a)  shows  the  spectra  of  cavities  1  and  2  when  they 
are  coupled.  Within  the  resolution  of  the  spectrometer  the  two 
lasers  have  the  same  wavelength  and  nearly  identical  linewidth. 
When  cavity  1  is  blocked,  cavity  2  no  longer  has  access  to  a 
fixed  line  narrowing  element  (the  grating) ,  and  its  radiation 
relaxes  to  the  broader  spectrum  shown  in  Figure  4-3(b) .  Without 
a  frequency  reference,  this  cavity  then  spontaneously  self-scans, 
as  has  been  observed  before  in  self-pumped  PCRs  using 
photoref ractive  BaTi03  and  dye  lasers.24  Beams  from  the  two 
cavities  with  the  spectra  as  shown  in  Figure  4-3(a)  were  arranged 
to  interfere  with  each  other  and  produced  the  fringe  pattern 
shown  in  Figure  4-4(c) .  With  the  results  shown  in  Figure  4-3(a) 
and  4-4(c),  we  have  demonstrated  frequency  locking  and  spatial 
phase  locking  of  narrowband  pulsed  dye  lasers.  We  observed,  in 
addition,  that  if  we  blocked  one  cavity,  the  power  out  of  the 
other  cavity  dropped,  and  vice  versa.  Note  that  the  final  system 
consists  of  two  coupled  oscillators.  In  contrast  to  the 
experiments  of  Feinberg  and  Bacher15  and  those  of  Cronin-Golomb 
et  al. ,16  this  device  does  not  contain  a  master  laser  that  will 
continue  to  lase  in  the  absence  of  phase  conjugate  reflection. 

The  only  remnant  of  the  master/slave  concept  in  this  system  is 
the  existence  of  the  beam  expander  and  grating  in  cavity  1 . 

B.  COMBINING  THREE  DYE  OSCILLATORS 

Our  investigation  of  the  coupling  of  three  dye  cells  used  the 
system  shown  in  Figure  4-5.  It  was  found  that  the  line-narrowing 
prisms  were  not  necessary  to  couple  cavities  if  the  end  mirrors 
were  properly  aligned  with  respect  to  the  pump  direction  and  the 
radiation  from  the  other  cavities  at  the  BaTi03 .  We  have  been 
able  to  operate  the  system  shown  in  Figure  4-5  both  narrowband 
(approximately  0.05  nm  linewidth)  and  broadband  (0.25  nm) .  The 
devices  and  the  starting  procedures  are  slightly  different  in 
each  case . 
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For  the  narrowband  device,  the  starting  procedures  are 
essentially  as  described  above.  The  only  adjustments  required 
are  steering  the  super-radiance  into  the  crystal  by  tilting  the 
right  end  mirrors  of  cavities  2  and  3  instead  of  tuning  the 
prisms.  Spectra  for  the  narrowband  operation,  as  shown  in  Figure 
4-6,  are  essentially  the  sane  as  those  for  two  cavities  as  shown 
in  Figure  4-3(a) .  Further  tests  of  the  power  coupling  and  phase 
locking  of  this  device  are  in  progress. 

A  three-cavity  system  consisting  only  of  three  end  mirrors, 
three  dye  cells,  and  one  crystal  has  also  been  operated  using  the 
components  shown  in  Figure  4-5.  This  system  is  obtained  by 
starting  cavity  1  narrowband  as  described  above,  but  when  it  is 
operating  as  a  PCR  (i.e.,  with  the  left  outcoupling  mirror 
removed) ,  a  high  reflectivity  mirror  is  inserted  between  the  beam 
expander  and  the  dye  cell.  The  spectral  width  of  cavity  1  slowly 
broadens  to  about  the  width  shown  by  Figure  4-3 (b)  (cavity  1  is 
now  essentially  the  same  device  as  that  whose  spectrum  is  shown 
in  Figure  4-3(b)).  Cavity  1  may  self-scan,  and  it  is  helpful  to 
wait  for  this  to  stabilize.  Then  cavities  2  and  3  can  be  started 
from  their  own  super-radiance,  giving  the  spectra  shown  in 
Figure  4-7.  Thjse  procedures  have  not  been  consistently 
repeatable  at  present,  and  other  anomalous  behavior  has  been 
observed.  For  instance,  we  have  observed  one  or  more  of  the 
cavities  spectrally  break  away  from  the  rest  and  self-scan  to 
different  operating  points  —  that  is,  the  lasers  spontaneously 
unlock.  Alternatively,  when  turning  on  the  third  cavity,  we  have 
observed  that  it  can  extinguish  one  or  both  of  the  other 
cavities.  A  reproducible  and  consistent  start-up  procedure  is 
being  sought. 
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SECTION  5 


FUTURE  WORK 

The  phase-  and  frequency-locking  experiments  with  three 
cavities  are  approximately  half  completed.  A  better 
understanding  of  how  to  make  this  system  operate  efficiently  is 
required.  Comparison  of  the  scales  of  Figures  4-6  and  4-7  with 
those  of  Figure  4~3(a)  shows  that  the  power  levels  in  the  three 
cavity  system  are  substantially  lower.  It  should  be  emphasized 
that  these  are  only  qualitative  relationships  because  no  attempt 
has  been  made  at  present  to  measure  the  absolute  pump  power 
delivered  to  the  dye  cells.  In  addition,  it  will  be  useful  to 
make  interference  patterns  for  the  three  beam  system. 

Absolute  measurements  of  power  output  of  one,  two,  and  three 
dye  cell  systems  are  also  important.  Little  is  gained  in 
coupling  three  lasers  if  this  results  in  less  power  output  than 
one  alone  could  provide.  Thus  absolute  measurements  may  require 
further  investigation  of  the  reflectivity  of  the  self-pumped 
conjugator  or  the  use  of  other  conjugator  geometries. 

A  third  area  of  near  term  work  is  illustrated  in  Figure  5-1, 
which  shows  a  four  dye-cell  module.  Use  of  this  module  is 
expected  to  result  in  a  more  compact  system  and  perhaps  more 
efficient  operation.  This  system  will  also  be  used  to  perform 
efficiency  measurements. 

A  more  detailed  discussion  of  future  work  under  this  program 
has  been  given  in  Ref.  25. 
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Appendix  1 

Competition  between  forward  and  backward 
stimulated  photoref ractive  scattering  in  BaTi03 

George  C.  Valley 
Hughes  Research  Laboratories 
3011  Malibu  Canyon  Road 
Malibu,  CA  90265 

Abstract 

The  gain  length  product  for  two-wave  mixing  in 
photoref ractive  BaTi03  is  calculated  as  a  function  of  the 
angles  between  a  pump  beam  and  a  scattered  beam  and  the 
crystal  c  axis.  The  gain-length  product  at  times  shortly 
after  turning  on  the  pump  often  shows  a  maximum  for 
backscatter ing  while  the  steady-state  gain-length  product  is 
usually  maximized  for  near  forward  scattering  (an  angle  of 
about  10°  between  the  pump  and  scattered  beams) .  The 
calculations  suggest  that  backscattering  will  be  optimized 
in  a  hole-dominated  crystal  with  a  large  trap  density. 
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1.  INTRODUCTION 


A 


Stimulated  photoref ractive  scattering  (SPS)  may  be  defined 
as  the  selective  amplification  via  the  photoref ractive 
effect  of  optical  radiation  scattered  by  medium 
inhomogeneities .  In  BaTi03 ,  a  single  pump  beam  incident  on 
the  crystal  may  produce  stimulated  scattering  in  the  near 
forward  direction  (beam  fanning) 1 ,  in  the  backward 
direction2,  in  a  ring  surrounding  the  pump  beam3’4,  and  in  a 
variety  of  other  complicated  patterns6,6.  The  dominance  of 
one  process  over  another  depends  on  a  number  of  factors  such 
as  the  angle  between  the  pump  beam  and  the  crystal  c  axis, 
the  polarization  of  the  pump  beam,  the  angle  between  the 

i 

amplified  noise  and  the  pump,  crystal  geometry,  crystal 
imperfections,  and  aberrations  on  the  pump  beam.  As  is  the 
case  for  stimulated  Raman  or  Brillouin  scattering,  SPS  is 
either  the  desired  result  in  a  device  (e.g.  production  of  a 
conjugate  wavefront2)  or  a  source  of  noise  that  reduces  the 
performance  of  a  device.  The  purpose  of  this  paper  is  to 
use  the  theory  of  the  photoref ractive  effect  developed  by 
Kukhtarev7  and  current  knowledge  of  the  properties  of  BaTi03 
to  understand  the  angular  dependence  of  SPS  for  a  single 
pump  beam  in  the  plane  of  the  crystal  c  axis.  In 
particular,  it  is  desirable  to  understand  how  backscatter ing 
can  dominate  forward  scattering  in  BaTi03  even  though 
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steady-state  gain  calculations  suggest  that  the  gain  in  the 
backward  direction  (grating  period  equal  to  0 . 1/im)  should 
always  be  substantially  less  than  that  in  the  forward 
direction  (grating  periods  of  a  few  microns).8  SPS  out  of 
the  plane  of  the  pump  and  c  axis3,4  is  not  discussed  in  this 
paper . 

Many  terms  have  been  used  previously  to  describe  SPS: 
photoinduced  light  scattering,9'11  anisotropic  light 
scattering,3,12  asymmetric  light  scattering,9  asymmetric 
self -def ocusing , 1  beam  fanning,1  degenerate  stimulated 
parametric  scattering,13  and  photoinduced  Rayleigh 
scattering . 8 ■ 1 4 1 1 5  The  term  optical  damage  has  been  used  to 
refer  to  the  refractive  index  gratings  left  behind  by  SPS. 
SPS  has  a  rich  history  and  in  fact  the  first  well-defined 
observation  of  the  photoref racti ve  effect  involves  SPS  in 
LiNb03  and  LiTa03.16  Since  then  SPS  has  been  investigated 
further  in  LiNb03  3 ■ 4 ’  1  1  ’  1  2  ’  1  7  *  1  9  ,  LiTa03  3,1  3,  (Sr>Ba1.,)1. 

y  (Nb 206  )  y  9  ’  1  0  ,  and  BaTiO 3 . 1 ‘ 6 ■ 1 4 

Detailed  predictions  of  the  intensity  and  direction  of 
SPS  in  BaTi03  are  complicated  by  features  of  the  interaction 
that  depend  on  the  specific  crystal  (size,  cut,  surface 
roughness,  and  optical  quality) .  These  properties  and  the 
angular  spectrum  of  the  pump  control  the  strength  of  the 
noise  waves  that  are  selectively  amplified  by  the  two-wave 
mixing  process.  In  fact,  some  of  the  "noise"  waves  may 
actually  be  Fresnel  reflections  of  the  pump  beam  from  the 
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crystal-external  medium  interface  or  from  crystal 
striations.  Despite  these  difficulties,  an  assessment  of 
the  relative  "chances"  of  noise  waves  at  various  angles  to 
the  pump  beam  can  be  obtained  by  calculating  two  quantities 
as  a  function  of  the  angle  between  the  noise  wave  and  pump 
and  the  angle  to  the  c  axis:  (1)  the  gain  length  product  at 
short  times  and  (2)  the  steady-state  gain  coefficient.  The 
first  quantity  is  related  to  the  noise  start-up  while  the 
second  is  related  to  which  beams  dominate  at  long  times. 
Unfortunately,  neither  quantity  predicts  the  start-up  or  the 
steady-state  exactly.  This  is  because  selective 
amplification  cannot  start  until  the  two-wave  mixing  gain 
for  an  individual  noise  beam  exceeds  its  loss.  Thus  one 
needs  to  solve  the  time  dependent  wave  equations  until  gain 
equals  loss  to  determine  which  beams  can  grow  in  a  real 
crystal .  Then  in  order  to  determine  which  beam  dominates  in 
the  steady  state  the  calculations  must  proceed  into  the  pump 
depletion  regime.  Such  solutions  of  the  nonlinear  wave 
equations  in  time  and  in  two  or  three  dimensions  would  be 
very  interesting  but  besides  being  beyond  the  scope  of  this 
work,  would  be  specific  to  a  single  crystal  and  depend  for 
instance  on  the  details  of  the  material  inhomogeneities, 
Fresnel  reflections,  etc.  that  start  SPS  in  a  particular 


geometry . 


2.  BASIC  EQUATIONS 


The  calculations  proceed  from  the  set  of  equations 
given  by  Kukhtarev  et  al.20  for  two  optical  amplitudes  Ap 
and  A,  (pump  and  scattered  waves)  and  the  space  charge  field 
E: 

dAp/dxp  =  -i(l/2)(k/np)r.ffA,E  (1) 

9A#/dx#  =  -i(l/2)(k/n,)r.ffApE*  (2) 

3E/dt  +  E/r  =  iEscApA;/[r(|Ap! 2  +  |AS|2)]  (3) 

where  xp  and  xs  are  coordinates  along  the  directions  of 
propagation  of  the  pump  and  scattered  waves,  np  and  n,  are 
the  refractive  indices  in  those  directions,  k  =  27T/X  (X  is 
the  vacuum  wavelength  and  any  detuning  or  frequency  shift 
between  the  pump  and  scattered  waves  is  ignored)),  r-ff  is 
the  effective  electro-optic  coefficient,  and  r  is  the  space 
charge  field  and  refractive  index  grating  decay  rate.  Esc 
and  r  are  given  by 

Esc  =  E0/(l  ~  E0/Ea)  (4) 


r  = 

Td 

; ( 1  ~  Eq/Em)/(1 

*  E0/E 

d) 

(5) 

and 

Ed 

=  ke Tk g/e  ,  Eq  = 

e\A(l 

-N*  /N’d  )  i 

(ee0kg)  ,  Em 

=  l/(kgMTR) 

and 

Td 

i  =  ee0/(efi nc)  . 

A1  so  , 

keT  is 

Bol tzmann ' s 

constant 

times 

temperature,  kg 

is  the 

grating 

wavenumber , 

,  e  is  the 

magnitude  of  the  charge  on  an  electron,  e0  is  the 
permittivity  of  free  space,  e  is  the  dielectric  constant,  /x 
is  the  mobility,  nc  is  the  mean  carrier  number  density  which 
equals  a(  Ap  2  -  As  2)rR/'hi/  (h^  is  the  energy  per  photon), 


and  the  remaining  symbols  are  defined  in  the  Table.  These 
equations  are  applicable  to  crystals  of  BaTi03  in  which  one 
charge  carrier  dominates.  In  crystals  in  which  both 
electrons  and  holes  participate21,  a  more  complicated  theory 
is  required . 2  2 • 2  3 

For  extraordinary  polarization  r#ff  is  given  by24 
r.ff  =  {n04r1 3cos0pcos5,  +  2n, 2 n0 2r4 2cos2 [ (Q p+0 ,) /2] 

-  n#4r33sin@psin6t>  s in  [  (Q p +6 , ) /2]  (6) 

where  9p  and  9%  are  the  angles  between  the  pump  and 
scattered  waves  and  the  c  axis  as  shown  in  Fig.  1.  In 
BaTi03  both  the  mobility  and  the  dielectric  constant  are 
known  to  be  anisotropic:25,26 

fi  =  /iusin2flc  +  M3  3 cos 20 c  (7) 

e  =  ensin20c  +  e33cos20c  (8) 

where  0C  is  the  angle  between  the  grating  normal  and  the  c 
axis  - 

In  the  calculations  that  follow,  the  effective 
interaction  length  laff  has  been  modeled  with  the  formula: 
l,ff  =  L(1  -  exp[-d/(L  sin  29)1  (9) 

where  L  is  the  length  of  the  crystal  in  the  direction 
bisecting  the  two  beams,  d  is  the  diameter  of  the  beams  and 
9  is  half  of  the  angle  between  the  beams  [9  =  (0,  -  9p)/2] . 
This  model  for  l#ff  reduces  to  L  for  parallel  and 
antiparallel  beams  [d/ (Lsin  29)  >>  1]  to  d  for  beams 
crossing  at  right  angles  ^i.e.  for  d/(Lsin20)  <<  1,  l#ff  = 
d/sin20] .  A  more  detailed  calculation  would  depend  on 


specifics  of  the  crystal/beam  geometry,  but  this  model 
includes  the  most  important  effect;  namely,  beams  crossing 
with  angles  near  90®  have  a  much  smaller  effective 
interaction  length  than  those  propagating  nearly  parallel  or 
antiparal lei . 

The  steady-state,  small-signal,  gain-length  product  for 
amplification  of  noise  waves,  G#t,  is  obtained  by  dropping 
the  6E/dt  term  in  eq .  (3)  and  substituting  eq.  (3)  into  eq. 

(2).  For  amplification  of  noise  waves,  |A#|2  is  small 
compared  to  |Ap|2  until  pump  depletion  becomes  important  and 
Gss  is  given  by 

Gss  =  (1/2) (k/n,)r.f fE,cl#f f  (9) 

The  gain  length  product  per  absorbed  energy  per  volume  at 
turn-on  is  obtained  by  neglecting  the  second  term  on  the 
left  hand  side  of  eq.  (3) ,  integrating  eq.  (3) ,  substituting 
the  result  into  eq.  (2)  and  factoring  out  the  quantity 
a (  Ap | 2  -  : As | 2)t,  which  is  the  absorbed  energy  per  unit 

volume  (the  units  of  the  quantities  iAs|2  and  | A p  f  2  are 
assumed  to  be  W/cm2) .  Then  Gto  is  given  by 
Gto  =  (1/2) (k/n,)r#f f  e  pr „E0  l.ff/[ee0  (1  +  E0/E„)].  (10) 


3.  RESULTS 


Results  for  the  steady-state  gain  length  product  G,# 
and  the  product  per  absorbed  energy  per  volume  at  turn-on 
Gt0  are  shown  in  Figs.  2  and  3  for  the  baseline  parameters 
given  in  the  Table  and  the  geometry  shown  in  Fig.  1.  The 
optical  wavelength  is  taken  to  be  X  =  0.5/*m,  the  beam 
diameter  d  =  1mm,  and  the  crystal  width  L  =  5mm.  As  a 
baseline  the  trap  density  is  NA  =  1017  cm'3-  In  these 
figures  the  angle  between  the  pump  and  the  c  axis  varies 
from  0°  to  90°  and  the  scattered  beam  angle  varies  from  the 
pump  angle  to  the  c  axis  to  that  angle  plus  360® .  These 
figures  are  for  a  crystal  in  which  the  charge  carriers  are 
holes.  Figures  for  electron-dominated  crystals  are  obtained 
by  changing  the  sign  of  the  ordinate  as  are  results  for  a 
crystal  in  which  the  c  axis  points  in  the  opposite 
direction.  Flipping  the  crystal  c  axis  by  180°  is 
equivalent  to  changing  the  pump  angle  into  the  180  to  270® 
quadrant  so  Figs.  2  and  3  can  be  used  immediately  for  the 
pump  beams  in  the  first  and  third  quadrant  about  the  c  axis. 
The  figures  for  the  90  to  180®  quadrant  are  obtained  by 
turning  Figs.  2  and  3  upside  down.  Results  similar  to 
parts  of  Fig.  3  for  the  near  forward,  steady-state  gain34 
and  for  the  steady  state  backscatter  gain15,32  have  been 
given  previously  (The  result  in  Ref.  15  differs  from  that 
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given  here  and  in  Ref .  32  because  the  anisotropy  in  the 
dielectric  constant  e  was  neglected  in  Ref.  15). 

The  steady-state  gains  in  Fig.  3  are  in  agreement  with 
the  observations  and  estimates  of  Chang  and  Hellwarth.2  In 
particular,  for  angles  of  the  pump  beam  to  the  c  axis  of  20° 
to  40®  the  backscatter  gain  is  Gs#  =  10.  Allowing  a  factor 
of  2  for  phase  con j ugationin  in  the  backward  direction35 
yields  Gss  conj  =  20,  which  compares  favorably  with  the 
gains  usually  required  for  phase  conjugation  via  stimulated 
Brillouin  scattering. 

The  results  in  Fig.  2  suggest  the  answer  to  the 
question  of  how  backscattering  can  dominate  near  forward 
scattering.  While  the  steady-state  gain  is  larger  for  near 
forward  scattering,  the  gain  at  turn-on  is  larger  in  the 
backward  direction  for  most  angles  of  the  pump  to  the  c 
axis.  The  physical  reason  for  this  is  that  charge  carriers 
can  diffuse  the  small  grating  period  formed  by  the 
counterpropagat ing  beams  much  more  efficiently  than  the 
large  period  grating  of  the  near  forward  scattering.  This 
same  effect  can  be  seen  in  previous  calculations  of  the 
photoref ract ive  sensitivity  (refractive  index  change  per 
absorbed  energy  per  unit  volume)  [Fig.  8  of  Ref.  8] .  If  the 
mobilities  are  increased  by  a  factor  of  ten,  the  dominance 
of  the  backward  gain  at  turn-on  disappears  as  seen  in  Fig.  4 
for  a  pump  angle  to  the  c  axis  of  30® .  Note  that  Gto  in  the 
backward  direction  (@s  =  210°)  is  nearly  the  same  in  Fig.  4 
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as  in  Fig.  3  (for  Qp  =  30°)  while  Gte  is  substantially 
increased  in  the  near  forward  direction. 

Fig.  5  illustrates  how  the  results  shown  in  Figs.  2  and 
3  change  if  the  trap  density  is  reduced  by  a  factor  of  5  to 
NA  =  2  x  1016  cm'3  for  pump  angle  to  the  c  axis  6 p  =  30*. 

In  Fig.  5a  the  increase  in  gain  at  turn-on  is  due  to  the 
increase  in  the  recombination  time  for  the  smaller  trap 
density  of  NA  =  2xl0ia  cm*3.  This  increase  in  recombination 
time  gives  the  carriers  a  larger  diffusion  length  and  makes 
the  material  more  sensitive,  especially  in  the  near  forward 
direction  where  the  grating  period  is  large.  In  Fig.  5b  the 
steady-state  gain  in  the  near  forward  direction  decreases  by 
a  factor  of  2  from  that  in  Fig.  3  for  NA  =  101 7  cm'3  while 
the  gain  in  the  backward  direction  drops  by  a  factor  of  5. 
This  drop  is  because  the  gain  in  the  backward  direction  is 
controlled  by  the  maximum  space  charge  field  (Eq)  that  can 
be  obtained  at  this  short  grating  period  (Ag  =  .  1/im  at  X  = 

.  5/xm)  and  Eq  is  proportional  to  NA  ,  while  the  gain  in  the 
forward  direction  is  mainly  controlled  by  diffusion  ( E D )  , 
which  does  not  depend  on  the  trap  density. 

Several  other  results  can  be  inferred  from  Figs.  2  to 
5.  First,  note  that  one  might  expect  beam  fanning  (near 
forward  scattering)  to  start  over  a  wide  range  of  angles  and 
to  coalesce  to  a  smaller  angular  extent.  This  can  be  seen 
by  comparing  Figs.  2  and  3  for  pump  angles  of  6p  =  10*  to 
40“  and  scattered  beam  angles  9S  equal  to  6  p  to  6p  +  90* . 


Second,  since  increasing  the  mobility  by  a  factor  of  ten 
from  the  baseline  value  used  in  Fig.  2  leads  to  dominance  of 
forward  scattering  over  backscattering  even  at  turn  on,  one 
would  expect  that  hole  dominated  crystals  might  be  better 
for  producing  backscattering .  This  is  because  one  expects 
hole  mobilities  to  be  smaller  than  electron  mobilities. 

This  is  generally  what  has  been  measured  in  BaTi03  (see  the 
review  of  mobility  measurements  in  Ref.  27)  and  what  is 
found  in  semiconductors.  Similarly,  a  comparison  of  Figs. 

5a  and  5b  to  Figs.  2  and  3  suggests  that  crystals  with  large 
trap  densities  will  favor  backscattering  over  forward 
scattering . 


4.  CONCLUSIONS 


j 


Plots  of  the  gain-length  product  at  turn  on  and  in  steady 
state  aid  the  understanding  of  many  interesting  features  of 
stimulated  photoref ractive  scattering  in  BaTi03 ,  such  as  the 
occurrence  of  near  forward  and  backscattering .  These  plots 
can  also  be  used  as  the  coupling  coefficient  times  length  to 
interpret  four-wave  mixing  observations.  The  question  that 
these  plots  cannot  answer  is  whether  or  not  all  of  the  rich 
behavior  seen  in  SPS  in  BaTi038  can  be  explained  by  time- 
dependent,  three  dimensional  calculations  using  these 
coupling  coefficients. 
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Table.  Parameters  of  BaTi.03  , 


Parameter,  symbol 

Value 

Ref. 

ordinary  refractive  index,  n0 

2.505 

28 

extraordinary  refractive  index,  n. 

2.434 

28 

electro-optic  coefficient,  r13 

24  pm/V 

29 

r  3  3 

80  pm/V 

29 

r42 

1640  pm/V 

30 

dielectric  constant,  eu 

3700 

28 

€  3  3 

150 

28 

total  donor  density,  N0 

2.-6.  101 8cm*  3 

31 

trap  density,  NA 

.2-1.  10 1 7 cm" 3 

21 

absorption  coefficient,  a 

0.6-3. 5  cm'1 

31,32 

mobility  anisotropy,  A*  3  3  /M 1  1 

.  1 

25,26 

mobility-lifetime  product,  pr# 

1 0  '  1  8  cm  2 /V 

26,27,33 
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Figure  Captions 


Fig.  1  Geometry  of  the  stimulated  photoref ractive  scattering 
process  in  BaTi03 . 

Fig.  2  Gain  length  product  per  absorbed  energy  per  unit 
volume,  Gt0,  as  a  function  of  the  angle  between  the 
scattered  beam  and  the  crystal  c  axis,  6%,  for  pump  angle  to 
the  c  axis,  9p,  equal  to  0  to  90*  in  steps  of  10*.  The  trap 
density  NA  equals  1017  cm"3  and  the  mobility  lifetime 
product  along  the  c  axis  is  /333tr  =  10”l®cm2/Vs. 

Fig.  3  Steady-state  gain  length  product,  Gst,  as  a  function 
of  the  angle  between  the  scattered  beam  and  the  crystal  c 
axis,  6S,  for  pump  angle  to  the  c  axis,  6p,  equal  to  0  to 
90°  in  steps  of  10°.  The  trap  density  NA  equals  1017  cm”3. 

Fig.  4  Gain-length  product  per  absorbed  energy  per  unit 
volume  as  a  function  of  the  angle  between  the  scattered  beam 
and  the  c  axis  6 ,  for  pump  angle  to  the  c  axis  8p  =  30°,  NA 
=  1017  cm”3  and  n 33 rR  =  10”9cm2/Vs. 

Fig.  5  Gain-length  products  for  a  trap  density  of  NA  =  2  x 
1016  cm”3,  Hf33r  =  lO”10cm2/Vs,  and  6p  =  30°.  (a)  Gain- 

length  product  per  absorbed  energy  per  unit  volume  as  a 

57 


APPENDIX  2 


COMPARISON  BETWEEN  STIMULATED  PHOTOREFRACTIVE  SCATTERING  AND 
STIMULATED  RAMAN  AND  BRILLOUIN  SCATTERING 

In  the  propagation  of  light  there  is  a  close  mathematical  and 
conceptual  analogy  between  photoref ractive ,  Brillouin,  Raman,  and 
Rayleigh  active  media.  As  understanding  of  each  field  increases, 
the  overlap  appears  greater  and  the  differences  appear  to  be  more 
quantitative  than  qualitative.  The  underlying  physics,  which 
determines  the  coupling  coefficients  and  time  constants,  is 
entirely  different,  but  the  coupled  wave  treatments  are  almost 
identical.  Therefore,  the  contents  of  this  chapter  are  germane 
to  the  study  of  stimulated  Brillouin  (SBS) ,  Raman  (SRS)  and 
Rayleigh  (SRLS)  scattering.  The  term  stimulated  photoref ractive 
scattering  (SPS)  can  be  used  to  emphasize  the  similarity.  The 
field  of  phase  conjugation  has  helped  in  the  unification  because 
photoref ractive  and  Brillouin  active  media  have  emerged  as  the 
media  of  choice  for  many  applications.  This  appendix  gives  a 
brief  overview  of  SBS  and  SRS,  and  some  references  to  the 
extensive  literature. 

In  a  Brillouin  scattering  event,  an  acoustic  phonon  is 
created  in  a  medium  when  an  incident  (laser)  photon  is  absorbed 
and  a  Stokes,  or  lower  energy,  photon  is  emitted.  The  density  of 
the  medium  is  coupled  to  the  optical  field  through  the 
electrostrictive  force.  In  the  stimulated  process  (SBS),  two 
optical  and  one  hypersonic  wave  are  coherently  coupled.  The 
interference  between  two  optical  plane  waves  is  a  periodic 
intensity  distribution,  characterized  by  the  difference 
wavevector  and  the  difference  frequency.  If  the  frequency  and 
wavevector  lie  on  the  acoustic  phonon  dispersion  curve,  then 
electrostrictive  forces  can  generate  a  phonon.  In  turn,  the 
periodic  change  in  dielectric  constant,  which  propagates  in 
unison  with  the  acoustic  wave,  can  scatter  one  optical  wave  into 
the  other.  This  moving  grating  imposes  a  Doppler  frequency 
shift.  In  the  classical  treatment  of  SBS,  the  medium  is  taken  to 

To  be  published  in  Photoref ractive  Materials. 
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be  an  elastic  continuum,  driven  by  the  electrostrictive  force  and 
damped  by  viscosity  and  thermal  conductivity. 

In  a  vibrational  Raman  scattering  event,  a  molecule  makes  a 
transition  from  a  v=0  state  to  a  v=l  state  when  an  incident 
(laser)  photon  is  absorbed,  and  a  Stokes,  or  lower  energy,  photon 
is  emitted.  The  nuclear  motion  and  the  optical  field  are  coupled 
because  the  molecular  polarizability  is  a  function  of  the 
vibrational  coordinate.  In  the  stimulated  process  (SRS) ,  the 
molecular  excitation  and  the  optical  waves  are  coherently 
coupled.  The  molecular  excitation  is  a  quadrupole  excitation 
rather  than  a  change  in  vibrational  level  populations,  and  can  be 
thought  of  as  an  optical  phonon  in  contrast  to  the  acoustic 
phonon  of  SBS .  Two  optical  waves  can  generate  an  optical  phonon 
if  their  difference  frequency  is  close  to  the  vibrational 
resonance.  At  the  same  time,  the  periodic  change  in 
polarizability  will  scatter  each  optical  wave  into  the  other, 
through  the  creation  of  sidebands  separated  by  the  vibrational 
frequency.  In  the  classical  treatment,  the  molecules  are  taken 
to  be  independent  harmonic  oscillators,  damped  by  collisions  and 
driven  by  a  force  derived  from  the  dependence  of  the 
electrostatic  stored  energy  density  on  the  vibrational  normal 
coordinate . 

In  backward  SBS,  the  laser  wave  at  u/L  and  the  Stokes  wave  at 
ws  are  counterpropagat ing .  On  resonance  and  in  steady  state,  the 
coupling  is  described  according  to  the  following  equations:1 
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SBILIS  ~  aIL 


Here  I  =  cn|E|2/87 r,/?0  is  the  average  density  of  the  medium,  re  is 
the  lifetime  of  the  acoustic  phonon,  v  is  the  sound  velocity,  n 
is  the  index  of  refraction,  €  is  the  dielectric  constant,  and  T 
is  the  temperature.  These  equations  are  identical  in  form  to  the 
SPS  case,  except  for  the  absence  of  the  denominator  I0=IL+IS . 
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The  analogous  equations  for  SRS  are1 
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Here  N  is  the  molecular  number  density,  m  is  the  reduced  mass  of 
the  vibration,  fi  is  the  vibrational  frequency,  q  is  the 
vibrational  normal  coordinate,  Sa/dq  is  the  differential 
polarizability,  and  (3  is  the  depolarization  ratio.  If  photon 
fluxes  were  used  instead  of  intensities,  the  two  equations  would 
have  equal  coupling  constants. 

The  equations  for  other  forms  of  stimulated  scattering  (e.g., 
Rayleigh  and  polariton)  are  also  similar.1  We  have  neglected 
them  because  they  are  less  well  known  than  Raman  and  Brillouin 
scattering;  not  because  they  are  less  similar.  In  fact,  the 
magnitude  of  the  frequency  shift  in  Rayleigh  scattering  is  closer 
to  the  SPS  shift  than  to  any  other. 

Stimulated  photoref ractive  scattering  has  several  unique 
properties  and  several  characteristics  in  common  with  the  more 
conventional  mechanisms  (SBS,  SRS,  and  SRLS) .  It  is  insightful 


considering  just  the  steady  state  small  signal  regime.  For 
example,  a  signal  wave  can  be  amplified  by  any  of  the  four 
mechanisms.  The  gain  is  due  to  a  coupling  of  pump  and  signal 
amplitudes;  not  to  the  release  of  any  energy  stored  in  the 
medium.  The  magnitude  and  direction  of  energy  flow  between  two 
optical  waves  is  determined  by  the  sine  of  a  phase  shift  between 
their  mutual  interference  pattern  and  the  associated  index 
variation.  Phase  transfer  is  proportional  to  the  cosine  of  the 
phase  shift.  If  only  one  wave  is  present  initially,  the 
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In  conventional  stimulated  scattering,  a  non-zero  phase  shift 
occurs  because  the  index  variation  lags  a  moving  interference 
pattern.  The  resulting  energy  flow  favors  the  lower  frequency 
wave;  i.e.,  the  Stokes  wave  experiences  gain.*  Waves  that  are 
degenerate  in  frequency  have  a  stationary  interference  pattern 
and  will  not  exchange  energy  in  steady  state  because  the  phase 
shift  goes  to  zero.  The  conventional  mechanisms  only  support 
traveling  waves,  so  the  amplitude  also  goes  to  zero,  and  the 
waves  will  not  exchange  phase  either. 

The  photoref ractive  effect  is  unique  in  that  a  large  phase 
shift  and  amplitude  exist  in  the  degenerate  case,  owing  to  the 
mechanism  of  charge  diffusion.  The  electro-optic  effect  can 
arise  from  a  static  distortion  of  the  lattice  by  the  space  charge 
field,  which  corresponds  to  a  zero  frequency  phonon.  In  the  non¬ 
degenerate  case,  fringe  motion  imparts  an  additional  component  to 
the  phase  shift,  which  can  change  the  direction  and  magnitude  of 
the  energy  transfer. 

In  conventional  stimulated  scattering  media,  the  decay  time 
is  so  short  that  the  induced  excitations  do  not  typically  travel 
to  a  region  of  pump  intensity  different  from  that  of  their 
origin.  Thus,  the  gain  experienced  by  a  signal  wave  at  a  given 
point  in  space  is  a  function  of  the  pump  intensity  at  that  point 
only.  A  local  relationship  also  holds  for  the  photoref ractive 
case.**  However,  the  gain  is  independent  of  the  pump  intensity 
in  the  small  signal  limit:  mathematically,  because  of  the 
normalizing  denominators  in  the  coupled  wave  equations; 
physically,  because  a  redistribution  of  trapped  charge  is  driven 
by  spatial  variations  in  intensity  rather  than  by  absolute 
intensity . 

An  exception  occurs  when  absorptive  heating  is  responsible 
for  the  interaction. 

The  "nonlocal  response"  referred  to  in  the  literature 
indicates  a  non-zero  phase  shift  instead. 


Under  certain  conditions,  SBS  and  SRS  backscatter ing  give 
rise  to  the  wavefront  reversed  replica  of  an  incident  wave. 
Wavefront  reversal  in  SBS  was  discovered  first2  and  has  been 
studied  more  thoroughly.  The  incident  and  reflected  waves  are 
nearly  degenerate  in  frequency,  so  the  latter  is  close  to  a  time 
reversed  replica  of  the  former.  The  wavefront  reversing 
characteristics  of  SRS  were  also  identified  long  after 
backscattering  was  first  observed.3  The  large  frequency  shift 
imposed  upon  the  backward  wave  limits  the  use  of  SRS  in,  for 
example,  double-pass  distortion-correction  scenarios. 

A  serpentine  path  argument  has  been  offered  to  explain  why 
SRS  backscattering  generates  a  wavefront  reversed  replica  of  an 
incident  pump  wave . *  Of  all  the  optical  noise  components  at  the 
exit  face  heading  back  into  the  medium,  those  whose  amplitude  and 
phase  variations  mimic  those  of  the  pump  will  experience  the 
highest  gain.  This  results  because  such  waves  will  retrace  the 
path  of  the  pump  and  therefore  will  favor  the  regions  of  high 
intensity  (high  gain),  and  avoid  the  regions  of  low  intensity 
(low  gain) . 

In  the  past,  most  experimental  realizations  and  theoretical 
treatments  of  wavefront  reversal  by  SBS  consisted  of  only  one 
incident  wave,  focused  into  either  a  bulk  medium  or  a  waveguide. 
In  contrast,  wavefront  reversal  by  SPS  has  always  been 
implemented  with  four-wave  mixing  (FWM) ,  which  involves  two 
additional  incident  waves--the  counterpropagating  pump  waves.  As 
an  illustration  of  the  overlap  between  the  two  disciplines,  phase 
conjugation  via  FWM  in  Brillouin  active  media  is  now  being 
studied.5’6  Similarly,  photore f ract i ve  backscattering  in  the 
conventional  SBS  geometry  has  been  recently  observed.7  No 
frequency  shift  was  detected  on  the  reflected  wave,  but  the 
expected  shift  was  very  small--on  the  order  of  Hz.  In  the  case 
of  SBS,  the  backscattered  wave  originates  in  scattering  of  the 


pump  wave  from  random  density  variations.  The  origin  of  SPS  is 
not  well  understood,  but  is  thought  to  be  from  optical 
inhomogeneities  caused  by  random  space  charge  fields  or  defects 


The  backscattered  Stokes  wave  in  SRS  is  usually  accompanied 
by  a  forward  going  Stokes  wave  and  a  forward  going  anti-Stokes 
(higher  frequency)  wave.8  The  photoref ractive  analog  has  been 
recently  identified  as  the  compr „ition  between  backscattering 
(wavefront  reversal)  and  forward  scattering  (the  fanning 
ef f  ect)  . 9 

Table  1  illustrates  the  similarities  and  differences  between 
SRS,  SBS ,  and  SPS .  The  stated  values  (e.g.,  the  intensities), 
are  meant  to  be  only  representative .  Where  the  numbers  vary  more 
than  an  order  of  magnitude  on  either  side  of  a  given  value,  a 
range  of  values  is  given,  at  the  risk  of  appearing  to  be  all- 
inclusive.  The  entries  perhaps  say  as  much  about  what  specific 
materials  and  regimes  people  have  chosen  to  study,  as  they  say 
about  the  nature  of  the  three  phenomena. 


VGfl 


Stimulated  Stimulated 
Raman  Brillouin 

Scattering  Scattering 


Stimulated 
Photoref ractive 
Scattering 


Type  of  media 

solid,  liquid,  gas 

electro-optic 

. 

insulators  a 

bulk  and  waveguide 

bulk  b 

Nonlinear  gain 

g~5xl0'3cm  MW 

■  l 

g~10"2cm  MW"1 

10" 1  <  7  <  102  cm"1 

c 

c 

Linear  loss 

negligible  d 

10" 1  <  a  <  101  cm'1 

1013  Hz 

1O10  Hz 

N 

X 

o 

o 

T— * 

Frequency  shift 

103  cm" 1  c 

10®  cm'1  c 

10" 10  cm'1  e 

10"12  sec 

10‘9  sec 

10' 2  — 102  sec 

Response  time/ 

bandwidth 

5  cm" 1  c 

5x10" 3  cm_1c 

1O'10-1O'14  cm'1  f 

Steady-state  on- 

resonance  grating 

90° 

90®  g 

phase  shift 

Type  of  source 

Nd:YAG,  ruby, 

excimer 

argon  ion,  HeCd ,  dye, 

semiconductor  diode 

6 

9 

-1  2 

Intensity 

10  <  I  <  10 

W  cm"  2 

10  <  I  <  10  W  cm'2 

f 

h 

WB838i!g£SMi 

Pulse  length 

10" 1 3-10" 7sec 

cw  f 

Intensity  gain 

II 

threshold  for 

10  <  gl&  <  30  i 

0  <  Tl  <  10  i 

self-pumped 
phase  conjugation 

Most  common 

reflection 

transmission 

grating  type 

a)  Semiconductors  have  also  been  used  recently. 


b)  SPS  is  a  problem  called  ’’optical  damage"  in  LiNb03,  for 
example,  but  waveguides  have  not  been  used  to  study  the 
effect . 

c)  These  values  have  been  taken  from  Table  1  of  Ref.  1,  with 
permission . 

d)  Exceptions  are  resonant  Raman  scattering  and  stimulated 
thermal  Brillouin  scattering. 

e)  This  is  not  a  property  of  the  medium  alone:  it  depends  on  the 
light  intensity. 

f)  A  few  pulsed  experiments  have  been  done  (see,  e.g.,  Ref.  10). 
The  intensities  have  been  larger  than  the  norm,  and  the 
response  times  are  approximately  inversely  proportional  to 
the  intensities. 

g)  This  can  vary  with  an  applied  dc  electric  field  or  an 
internal  bulk  photovoltaic  field. 

h)  A  few  cw  experiments  have  been  done  using  waveguides. 

i)  For  a  discussion  of  these  values  see  Refs.  4  and  11.  The  SPS 
values  apply  to  FWM  rather  than  to  simple  backscattering . 
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COHERENT  COMBINING  OF  PULSED  DYE  OSCILLATORS 
USING  NONLINEAR  PHASE  CONJUGATION* 

J.O.  White,  G.C.  Valley  and  R.A.  McFarlane 
Hughes  Research  Laboratories 
3011  Malibu  Canyon  Road 
Malibu,  CA  90265 

ABSTRACT 

We  have  obtained  coherent  operation  of  two  pulsed  dye  lasers 
by  coupling  them  with  a  common  phase  conjugate  end  mirror.  The 
phase  conjugate  mirror  operates  via  the  photoref ractive  effect  in 
a  crystal  of  BaTi03 ,  through  a  four-wave  mixing  process  which 
requires  no  external  pump  beams.  Both  laser  gain  cells  employ 
Rhodamine  6G  dye  pumped  by  a  10  Hz ,  frequency  doubled  Nd:YAG 
laser.  To  start  the  system,  the  two  gain  cells  are  made  to  lase 
independently  by  inserting  an  additional  conventional  mirror  into 
each  cavity.  One  cavity  incorporates  a  prism  beam  expander  and  a 
retroref lecting  diffraction  grating,  and  lases  with  a  narrow 
0.04  nm  linewidth.  The  other  cavity  employes  three  dispersing 
prisms,  and  lases  with  a,  broader,  0.4  nm  linewidth.  The  beams 
transmitted  through  each  conventional  mirror  interact  in  the 
BaTi03  crystal  to  create  index  gratings.  Diffraction  from  these 
phase  gratings  ultimately  gives  rise  to  wavefront  reversed 
replicas  of  each  incident  wave.  When  the  auxiliary  mirrors  are 
removed,  the  gratings  remain  in  the  crystal,  the  broadband  laser 
si  iwly  becomes  spectrally  narrow,  and  its  center  frequency  shifts 
to  match  that  of  the  narrowband  laser.  The  spectrum  of  this 
laser  becomes  broad  again  if  the  narrowband  master  laser  is 
turned  off.  Another  indication  of  coupling  is  the  observation 
that  turning  off  either  of  the  lasers  reduces  the  output  power  of 
the  other  laser.  We  have  also  demonstrated  phase  locking  by 
interfering  the  two  output  beams  to  produce  a  stationary 
interference  fringe  pattern. 


*This  work  supported  by  ONR/SDI  Contract  No.  N00014-85-C-0534 
To  be  published  in  SPIE  Proceedings  (1987) . 
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